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Mine tailings in African countries Zambia and Namibia have been investigated with an
objective to determine the role of secondary hematite in immobilization of contaminants.
Two sites, Chambishi and Mindolo, are located in the Copperbelt in Zambia with relatively
humid climates and two sites, Berg Aukas and Kombat, are in Namibia, where the climate
is semiarid. At the Chambishi site which is about 40 years old, a hardpan composed
of hematite and gypsum has formed at a depth of about 60 cm and large amounts
of Cu and Co have been deposited. At the much younger Mindolo site (<10 year), no
such hardpan was detected, but hematite is found in iron-rich bands where Cu and
Co have also been enriched. At the Berg Aukas site, the V-rich mine tailings are >30
years old, but most V remains in primary descloizite, embedded in a carbonate matrix
while a relatively small amount of released V is incorporated into hematite. In contrast,
released Zn and Pb are incorporated mainly into smithsonite and cerussite, which are
less stable from an environmental viewpoint. Finally, at the Kombat mine tailings (<5
years old), As released from pyrite is also incorporated into hematite, but Cu released by
dissolution of chalcopyrite and bornite has precipitated as malachite, which is less stable
than hematite. Water-leached concentrations of contaminants such as Cu, Zn, and Pb (also
present in some carbonate phases) are an order of magnitude higher than water-leached
concentrations of V and As which are bound to crystalline ferric minerals such as hematite
and soluble only in the aqua regia fraction of sequential extraction. It seems that rapid
formation of hematite under tropical climate conditions and incorporation of contaminants
into this mineral phase is favorable for attenuation of released contaminants. These
findings have implications at other mining sites with similar climates in Africa, South
America and Asia.
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INTRODUCTION
Mine tailings can be an important source of acid mine
drainage, i.e., high dissolved concentrations of sulfate, iron
and other metals and metalloids in low-pH water. When
the pH is <3.0, iron remains in solution or precipitates as
jarosite (KFe3(SO4)2(OH)6). However, at pH > 3.0 an assem-
blage of several Fe(III) minerals can form such as schwert-
mannite (Fe8O8(OH)6SO4), goethite (α-FeOOH), lepidocrocite
(γ-FeOOH), and hematite (Fe2O3), (Parviainen et al., 2012).
Generally, more crystalline forms of ferric minerals are formed
later by aging of amorphous or poorly crystalline phases such as
ferrihydrite (Fe5O8.4H2O), (Langmuir, 1997; Filip et al., 2007).
Secondary hematite has not generally been found in mine tailings
deposited in moderate climate conditions. Special high temper-
ature environment of spontaneous combustion coal piles is a
notable exception (Dokoupilová et al., 2007). On the other hand,
hematite has been found inmine tailings deposited under tropical
climate conditions and is also relatively common in tropical soils
(Langmuir, 1997; Ettler et al., 2011).
Whenmining wastes contain fast-neutralization minerals such
as calcite, the pore water pH may reach >6.0 and neutral mine
drainage is produced. In such cases, Fe(III) phases such as fer-
rihydrite may precipitate directly on the surface of sulphidic
minerals, limiting penetration of oxidants to the unoxidized sul-
fides (Blowes et al., 2003). Also, secondary ferric minerals often
incorporate large amounts of other metals and metalloids such
as Pb, Zn, As, and Sb (Salzsauler et al., 2005; Flakova et al.,
2012).
The principal objective of this paper is to discuss the role of
secondary hematite in the attenuation of contaminants such as
Cu, Co, V, and As at mine sites in the African countries of Zambia
andNamibia. Both countries have a similar climate, but a gradient
of decreasing precipitation exists from the Copperbelt in Zambia
toward southwest, where Namibian sites are located at the west-
ern limit of the Kalahari Desert. The focus of the paper is on the
role of hematite and common features of all sites. More detailed
information about the studied sites can be found in Sracek et al.
(2010a, 2014a,b).
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GEOLOGY AND CLIMATE AT STUDIED SITES
The Zambian Copperbelt is a world-renown mining region of
Cu and Co-mineralization. The mineralization is located in
the rocks of the Katanga system of the Neoproterozoic Age.
They are a part of the Kibaran Mobile Belt (KMB) trending to
the northeast. The geology includes argillaceous and carbonate
shales, limestones, and dolomites of the Upper Roan, Mwashia,
Kakontwe, and Kundelungu formations (Rainaud et al., 2005).
Mineralization is from stratiform to stratabound, with chalcopy-
rite (CuFeS2), bornite (Cu5FeS4), Co-pyrite (Fe(Co)S2), and car-
rolite (Cu(Co,Ni)2S4) as the principal ore minerals (Mendelsohn,
1961). The climate in the Copperbelt is characterized by three
principal seasons: a rainy season from November to April, a
dry-cold season from May to June, and a dry-hot season from
August to October. The total annual precipitation is more than
1300mm, but it falls almost exclusively during the rainy season
from December to March. Two mine tailings in the Copperbelt
have been studied (Figure 1): the Chambishi site, (Figure 2),
representing old tailings (about 40 year) and the Mindolo site,
(Figure 3), representing relatively young tailings less than 10 year
old. Both mine tailings have similar composition and the prin-
cipal difference is in their age. Principal sulfides of chalcopyrite,
bornite, and carrolite are embedded in a carbonate matrix and
the neutralization capacity of the tailings material is high (Sracek
et al., 2010a). There is a potential for precipitation of secondary
sulfate minerals on the surface of themine tailings during the long
dry period, which dissolve at the beginning of the rainy period
(Sracek et al., 2010b).
In northeastern Namibia, there are several mining sites around
Tsumeb in the Otavi Mountainland (Figure 1). This is the west-
ern limit of the Kalahari Desert where the climate is semiarid,
with distinct dry and rainy periods. Precipitation is much lower
FIGURE 2 | Chambishi: global view with dust storm at the background.
FIGURE 1 | Location of mine tailings in Zambia and Namibia.
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than in the Copperbelt, around 470mm, and the rainy period is
from November to April as in Zambia. Berg Aukas is a mining
town in northeastern Namibia (Figure 1), east of Grootfontein.
Mineralization of Zn-Pb-V type, located in a dolomite host
rock, was mined from 1920 to 1978 (Mapani et al., 2010).
Two flotation mine tailings are located north of the previous
mining area (Figure 4). The principal V mineral at this site is
descloizite ((Pb,Zn)2(OH)VO4) and the principal sulphidic min-
erals embedded in the carbonate matrix are sphalerite (ZnS) and
galena (PbS). Zinc is also present in willemite (Zn2SiO4), but the
pyrite content is low.
The final studied site is at Kombat, which is located south-
west of Berg Aukas, between Otavi and Grootfontein (Figure 1).
At this site, sulfides occur as fracture fillings in the Hu˝ttenberg
dolomitic rocks. Vertical ore bodies are located in the upper
part of the Hu˝ttenberg Formation and terminate at the con-
tact with the overlying slate of the Kombat Formation (Deane,
FIGURE 3 | Mindolo: deposition of fresh tailings.
FIGURE 4 | Berg Aukas: sampling profile with reddish bands enriched
in iron.
1995). The principal minerals are chalcopyrite, bornite, galena,
chalcocite (Cu2S), sphalerite, and several minerals of Ge such as
renierite ((Cu,Zn)11(Ge,As)2Fe4S16). Massive and semi-massive
ore is mostly developed in brecciation zones with dolomite and
associated sandstone close to the contact with slate. The mine was
recently closed, but its re-opening is considered. At the flotation
mine tailings (Figure 5), located close to the Kombat mine, the
principal sulphidic minerals are chalcopyrite, bornite, and galena.
Arsenic is generally present as an accessory in pyrite. Thematrix is
also composed of carbonate minerals such as dolomite, resulting
in a high neutralization capacity of the mine tailings.
MATERIALS AND METHODS
SAMPLING OF MINE TAILINGS
Samples of tailings solids were obtained from a hand drilling
auger with an inner diameter of 4 inches. The samples were pre-
served in polyethylene (PE) bags. Samples from Zambian sites
labeled 2, 5, and 9 are from depths of 0.6, 0.9, and 1.5m, respec-
tively. Depth of Namibian samples is indicated together with
sampling excavation code.
BULK COMPOSITION OF SOLID SAMPLES
The pseudo-total digests of samples were obtained by a standard-
ized aqua regia extraction protocol in accordance with the ISO
11466 procedure (International Organization for Standartization,
1995). Standard working solutions were prepared from original
certified stock solutions (MERCK) of concentration 1000mg·l−1
in 1% super-pure HNO3. Heavy metals and metalloids were
determined using Flame Atomic Absorption Spectroscopy (FAAS,
Perkin Elmer 4000 Spectrometer).
X-RAY POWDER DIFFRACTION (XRD) OF HEAVY FRACTIONS OF
SEDIMENTS
XRD analyses were performed with a Philips X′Pert instrument
(CoKα, 40kV/40mA) equipped with an X′Celerator detector and
programmable incident and diffracted beam anti-scatter slits.
Heavy minerals in each sample were concentrated by separation
in 1,1,2,2-tetrabromethane before analyses.
FIGURE 5 | Kombat: central plateau of mine tailings.
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ELECTRON MICROPROBE
Several solid phase samples were also studied with an elec-
tron microprobe (EMP), using a CAMECA SX100 apparatus,
equipped with five crystal spectrometers and an energy dispersive
X-ray spectrum (EDS) analyzer. The analyses were performed at
an accelerating voltage of 15 kV, a probe current of 10–20 nA, a
spot size of 5μm, and a counting time of 10–30 s.
57FE MÖSSBAUER SPECTROSCOPY
A transmission 57Fe Mössbauer spectrum of the mine tailings
sample, powdered in an agate mortar, was collected in con-
stant acceleration mode with a 57Co (Rh) source (1.85GBq) at
room temperature. Isomer shift values were calibrated against α-
Fe foil at room temperature. The effects of non-ideal absorber
thickness and variable recoil-free fractions for iron atoms in non-
equivalent structural sites of different phases were expected to be
within experimental error of the technique (hyperfine parameters
± 0.02mm s−1, relative spectral area ± 2%).
SEQUENTIAL EXTRACTION
Sequential extractions for selected bulk sediment samples were
performed using the BCR procedure (Rauret et al., 1999).
The following extraction scheme was used: a 0.11M acetic
acid (CH3COOH) step targeting exchangeable and acid solu-
ble fractions; a 0.5M hydroxylamine-chloride (NH2OH.HCl)
step targeting the reducible fraction (mostly poorly crystalline
iron/manganese oxides); an oxidisable step (8.8M H2O2/1M
CH3COONH4 extractable) targeting organic matter and sulfides;
and an aqua regia step targeting the residual fraction. The deter-
minations were performed in triplicates; relative standard devia-
tions were consistently <5%. The detailed experimental scheme
is given by Rauret et al. (1999).
LEACHING OF SAMPLES
Since no water was recovered from the mine tailings, 50 g of
homogenized sample were suspended in 150ml of deionized
water and agitated on a rotary shaker until stable readings of pH
and electrical conductivity (EC) were obtained. After stabilization
of pH and EC, the leachate was decanted and filtered through a
0.45μm filter and then split into one subsample acidified with
ultrapure HCl for determination of cations and metals, and a sec-
ond unacidified subsample. Cations and metals were determined
by FAAS (Varian AA 280 FS) under standard analytical condi-
tions. Arsenic was determined by hydride generation AAS (HG
AAS). The analytical precision of the individual solution AAS
analysis was below 2%. Standard reference materials BCR 483 and
BCR 701 were used for quality control of the analytical data.
Anions were determined by HPLC (Dionex ICS 2000).
Alkalinity was determined by titration with HCl using the Gran
plot to determine the end point.
SITE CHARACTERISTICS
CHAMBISHI
At Chambishi, the neutralization capacity of the mine tailings
remains high in spite of ca 40 year of oxidation and the paste
pH reaches 8.5 (Table 1; Sracek et al., 2010a). The principal sec-
ondary minerals are hematite and gypsum. They form a hardpan Ta
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at a depth from 0.6 to 0.9m, where the total Fe content reaches
320,000 ppm, and a significant Cu and Co enrichment is also
observed (Sracek et al., 2010a). Secondary Fe(III) phases also
form rims on the surface of primary sulfides, which may contain
up to 6.88 wt% of Cu and 1.89 wt% of Co. The beginning of the
hardpan at about 0.6m depth is marked by a change of color from
green/gray to red, presumably corresponding to the interface
between the leached surface layer and the deeper tailings enriched
in ferric iron. In sequential extraction (SE), almost all iron is
dissolved, but mostly in the aqua regia step (Figure 6), corre-
sponding to hematite. Amaximum amount of Cu is also dissolved
in the aqua regia step, but high amounts are also dissolved in other
steps including the acid extractable step (Figure 7), correspond-
ing to carbonates like malachite (Cu2CO3(OH)2). Maximum
concentration of Fe in the leachate water is 1.63mg/l, indicat-
ing a relatively high stability of secondary ferric phases, i.e., of
hematite. Leached concentrations of Cu and Co are 1.67 and
0.2mg/l, respectively. The difference is caused by the additional
presence of Cu in carbonates such as malachite, compared to Co
which is present mostly in oxyhydroxides.
FIGURE 6 | Sequential extraction of Chambishi samples: Fe.
FIGURE 7 | Sequential extraction of Chambishi samples: Cu.
MINDOLO
The Mindolo tailings are much younger than the Chambishi
tailings and a hardpan has not developed yet (Sracek et al.,
2010a). In addition, conditions here are alkaline with a paste pH
of about 7.8. The maximum iron content is about 13,000 ppm
(Table 1; Sracek et al., 2010a), and ferric Fe is mainly present
in discrete reddish bands. There is no leached surface layer.
Hematite is also present, but at lower amounts compared to
the Chambishi site. The Fe(III) rims on the surface of the pri-
mary sulfides contain up to 1.83 wt% of Cu and 0.14 wt%
of Co. In sequential extraction, the aqua regia step also dom-
inates for Fe, but Fe content is also significant in other steps
(Figure 8). For Cu, the acid extractable step is dominant at shal-
low depth (Figure 9). Maximum water-leached concentrations of
Fe and Cu are 2.63 and 3.0mg/l, respectively (Table 1; Sracek
et al., 2010a). They are slightly higher compared to those at the
Chambishi site because there also are less stable Fe(III) phases
such as ferrihydrite as expected in relatively recent mine tail-
ings. At this site, formation of hardpan will probably occur in the
future.
FIGURE 8 | Sequential extraction of Mindolo samples: Fe.
FIGURE 9 | Sequential extraction of Mindolo samples: Cu.
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BERG AUKAS
At Berg Aukas, after>30 year of weathering and oxidation of tail-
ings material to a maximum sampling depth of 2.4 m, a large
amount of V still remains in the primary mineral descloizite
(Pb,Zn)2(OH)VO4 (Sracek et al., 2014a). A part of V was mobi-
lized and adsorbed/co-precipitated with ferric oxyhydroxides. A
large amount of ferric iron is effectively bound in insoluble
hematite and goethite, which contain up to 6.01 wt% of V2O5.
Iron in the aqua regia fraction comprises more than 90% of the
total Fe (Table 1, Figure 10; Sracek et al., 2014a). Other contam-
inants are Zn, present mostly in the primary mineral willemite,
(Zn2SiO4), descloizite, and in secondary smithsonite (ZnCO3);
and also Pb, which was transferred from completely dissolved
galena to cerussite (PbCO3), and is also still present in descloizite.
Conditions in the mine tailings are alkaline (pH up to 8.5) and
oxidizing during the dry period, butmobility of V forming oxyan-
ions is low due to the low solubility of descloizite and secondary
crystalline ferric phases such as hematite (Figure 11). Respective
water-leached concentrations of Fe, Zn, Pb, and V are 0.2, 0.61,
0.2, and 0.01mg/l. This indicates that Zn and especially Pb in sec-
ondary carbonates represent a more serious environmental risk
than relatively tightly bound V.
KOMBAT SITE
At the Kombat site which is <5 years old, dissolution of the
most abundant primary sulfides, chalcopyrite and galena, has
released Cu and Pb which have been adsorbed onto ferric min-
erals or precipitated as malachite, and cerussite (Sracek et al.,
2014b; Vaneˇk et al., 2014). The mine tailings are completely
neutralized, with paste pH up to 8.3 (Table 1). Arsenic released
from arsenopyrite has been incorporated into ferric oxyhydrox-
ides, which contain up to 0.93 wt% of As2O5, but Cu contents
reach even 18.9 wt% of CuO (Sracek et al., 2014b). Again, a
large amount of ferric iron is present as low solubility hematite,
formed in a relatively short time under warm semiarid climatic
conditions and soluble only in aqua regia (Figure 12), and
arsenic and other contaminants in these phases are also relatively
immobile (Figure 13). The presence of hematite was also con-
firmed by Mössbauer spectroscopy. The room-temperature 57Fe
Mössbauer spectroscopy spectrum (Figure 14) of an iron-rich
sample (i.e., a sample from 1.0m depth on profile K1) con-
sists of one dominant magnetically-split component (i.e., a sextet
with hyperfine parameters: isomer shift δ = 0.35mm/s, quadru-
ple shift εQ = − 0.22mm/s and hyperfine magnetic field
Bhf = 51 T) and two minor doublets. The dominant sextet
has all hyperfine parameters close to values typical for magnet-
ically ordered hematite α-Fe2O3 (59% of all Fe atoms in this
sample).
The arsenic is dissolved mostly in the aqua regia step of
sequential extraction, but the reducible fraction corresponding
to low crystallinity ferric minerals and the oxidizable fraction
corresponding to As-rich pyrite are also significant. Respective
water-leached concentrations of Fe, Cu, Pb, and As are 0.9, 0.1,
0.09, and 0.02mg/l (Table 1; Sracek et al., 2014b). Again, Cu and
Pb partly bound in carbonate minerals represent a more serious
environmental risk than As bound in crystalline low solubility
Fe(III) oxyhydroxides.
GENERAL FEATURES OF STUDIED SITES
At all studied sites, the principal contaminants incorporated into
hematite, being Cu and Co at the Zambian sites, and V and As at
the Namibian sites, show relatively low mobility.
At the Chambishi site, with high temperatures and high sea-
sonal precipitation, hardpan composed mostly of hematite and
gypsum has incorporated large amounts of Cu and Cu. Leached
Cu concentrations in some samples are still relatively high, but
this is due to its presence in more soluble malachite. The hardpan
also limits infiltration into the deep mine tailings and contributes
to the ponding of rain water in the rainy period (Sracek et al.,
2010a). Almost all Fe(III) is in hematite (Table 1, Figure 6).
FIGURE 10 | Sequential extraction of the Berg Aukas samples: Fe.
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FIGURE 11 | Sequential extraction of the Berg Aukas samples: V.
FIGURE 12 | Sequential extraction of samples from Kombat: Fe.
AtMindolo with similar climatic conditions as Chambishi and
containing younger mine tailings, there are also low crystallinity
Fe(III) phases, but Fe in the aqua regia fraction, corresponding
to hematite and goethite, comprises about 70% of the total Fe
(Table 1). In some places, ferric minerals have precipitated on the
surface of sulphidic minerals, which were completely dissolved
later and only their coatings remain (Figure 15). Water-leached
concentrations are comparable to those from Chambishi or are
slightly higher as a consequence of lower crystallinity of minerals
in younger mine tailings.
In Berg Aukas with high temperature and relatively low sea-
sonal precipitation, most of the V remains in primary descloizite
and released V was incorporated into ferric oxide and hydroxides,
which were later transformed to hematite, soluble only in aqua
regia (Sracek et al., 2014a). It has a very low solubility and water-
leached concentrations of V are generally low (Table 1). This is
a favorable situation because V present as an oxyanion has high
mobility under high pH, oxidizing conditions (Cornelis et al.,
2008).
At the Kombat site, with similar climatic conditions as at
Berg Aukas, most of the As is bound to crystalline Fe(III)
oxyhydroxides (Sracek et al., 2014b). The site is less than
5 years old, but As is immobile due to its link to crys-
talline hematite and goethite which are soluble only in aqua
regia. Hematite comprises about 60% of the total Fe, as
indicated by 57Fe Mössbauer spectroscopy (Figure 14). Again,
Cu and Pb partly bound to carbonate minerals are more
mobile.
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FIGURE 13 | Sequential extraction of samples from Kombat: As.
FIGURE 14 | Hematite determined by Mössbauer spectroscopy at
Kombat site.
At old Chambishi site, there is 94.5–97.3%, average 95.0% of
Fe and 46.8–55.9%, average 49.7% of Cu in aqua regia step. At
young Mindolo site there is 57.9–73.6%, average 68.1% of Fe and
14.9–31.6%, average 21.6% of Cu in aqua regia step. At old Berg
Aukas site, Fe in aqua regia step is in the range 92.9–97.3%, aver-
age 95.9 and V is in the range 44.6–75.7%, average 65.7%, Finally,
at young Kombat site, Fe in aqua regia step is in the range 55.2–
89.7%, average 72.3% and As is in the range 42.1–67.2%, average
57.4%. Differences in aqua regia Fe between old and young sites
are significant at p = 0.01.
Hematite is formed by aging of lower crystallinity ferric phases
and is common in warm climate soils. It is the chief oxyhydrox-
ide in red-bed sediments (Langmuir, 1997). It has been found in
several mine tailings, generally located in tropical and subtropi-
cal regions with distinct rainy and dry periods. This is a typical
mineral of cemented layers (hardpans) in old mine tailings. At
Taxco, central Mexico, mine cemented layers rich in hematite
were found in the oxidation zone of mine tailings (Romero et al.,
2007). At Cleveland, New Mexico, USA, hematite and goethite
were found in low-pH, highly oxidized mine tailings (Boullet and
Larocque, 1998). Hematite was also found at Touiref, Tunisia, in
an assemblage of Fe-oxyhydroxides (Othmani et al., in press).
On the other hand, hematite has not been found in some mine
tailings located in semi-arid regions, e.g., Iron King Superfund
Site in Arizona (Hayes et al., 2014), where ferrihydrite has been
persistent for many years.
Adsorption of As on hematite was studied by Singh et al.
(1996) and Giménez et al. (2007). Both studies confirmed
hematite as an efficient adsorbent of As(V). As expected, As(V)
adsorption decreased with increasing pH, but adsorption was still
significant up to pH 10. In laboratory studies, arsenate was found
to form bridging bidentate complexes on two adjacent singly-
coordinated groups on each of two distinct terminations at the
hematite surface (Catalano et al., 2007). Adsorption of As(V)
onto goethite also decreased with increasing pH and the range of
maximum sorption for As(III) was between pH 5 and 9 (Manning
et al., 1998; Dixit and Hering, 2003). Competition with other
oxyanionic species may shift the adsorption maximum for As(V)
to lower pH values (Dixit and Hering, 2003). A recent study of
Bolanz et al. (2013) confirmed incorporation of As into hematite
in the form of angelellite (Fe4As2O11) crystals, which epitaxially
intergrow along the (210) plane of hematite. Structural incor-
poration into goethite and hematite for Pb was also confirmed
by Vu et al. (2013). The incorporation occurred primarily dur-
ing the initial stage of ferrihydrite crystallization and Pb did not
replace Fe, but was incorporated into defects and nanopores. At
the currently-studied sites, the exact mechanism of contaminant
binding (i.e., adsorption vs. structural incorporation) has not yet
been determined and should be addressed in more detailed future
studies.
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FIGURE 15 | Hematite determined by Electron Microprobe (EMP) in backscattered mode at Mindolo site, see explanation in text.
Compared to tightly hematite-bound contaminants, Zn and
Pb incorporated into carbonates such as smithsonite and cerussite
can be mobilized under low-pH conditions such as those found
in human gastric acids (Meunier et al., 2010; Jamieson, 2011).
The same applies for malachite, which is a common Cu min-
eral in Cu-rich mining wastes (Dold and Fontboté, 2001, 2002).
This is also consistent with gastric bioavailability of contami-
nants in mine tailings from Rosh Pinah in southern Namibia,
where As linked to Fe(III) oxyhydroxides shows low bioavail-
ability, while Zn and Pb in carbonates show high bioavailability
(Nejeschlebová et al., in review). In summary, formation of sec-
ondary hematite in mining waste is a favorable process, which
may attenuate contaminants released into pore water. In some
mine tailings, primary sulfides have been completely dissolved
and replaced by secondary minerals such as hematite. It seems
that formation of hematite is very fast under tropical climate con-
ditions with distinct rainy and dry periods typical for countries
such as Zambia and Namibia. Immobilization of contaminants in
hematite has implications for other mining sites around the world
which are located in regions with similar climatic conditions, e.g.,
in Africa, South America, and Eastern Asia.
CONCLUSIONS
Mine tailings in Zambia and Namibia are located in high tem-
perature, but variable precipitation environments. Two sites,
Chambishi and Mindolo, are located in the Copperbelt in north-
ern Zambia with a relatively humid climate (precipitation >
1000mm) and two sites, Berg Aukas and Kombat, are in north-
eastern Namibia, where the climate is semiarid (precipitation
< 500mm).
At the Chambishi site, which is about 40 year old, a hard-
pan composed of hematite and gypsum had formed at a depth
of about 60 cm, where large amounts of Cu and Co are found, but
hematite is present down to a depth of about 3m.
At the much younger Mindolo site (<10 years old), no hard-
pan was detected, but hematite is found in iron-rich bands where
enrichment in Cu and Co also occurred.
At the Berg Aukas site, the V-rich mine tailings are >30 year
old, but most V remains in the primary V mineral descloizite,
embedded in a carbonate matrix while relatively small amounts
of released V have been incorporated into hematite. At this
site, the iron content is low because there were almost no
Fe- sulfides in the initial tailings material. Released Zn and
Pb were incorporated into the carbonate minerals smithsonite
and cerussite, which are less stable from an environmental
viewpoint.
Finally, at the Kombat Fe-rich mine tailings which are about
5 years old, As released from pyrite has been incorporated into
hematite. However, Cu released by dissolution of chalcopyrite and
bornite has precipitated as malachite and cerussite, which are also
much less stable than hematite. Formation of hematite, which
seems to be fast under tropical climate conditions, is favorable for
immobilization of contaminants released into pore water, which
do not form carbonate minerals. In contrast, contaminants incor-
porated into secondary carbonates can be mobilized relatively
easily, especially when their gastric bioavailability is considered.
Presented results are consistent with findings from other coun-
tries with similar climatic conditions, e.g., Southwest of the USA,
Mexico, and Tunisia, where high temperature and distinct dry
and rainy periods occur. Compared to tropical and subtropical
www.frontiersin.org January 2015 | Volume 2 | Article 64 | 9
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climate conditions, secondary hematite is not generally formed
under moderate climate conditions.
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